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ABSTRACT 
Briefly, I propose a design for an energy efficient grinding stone. 
This tool pre-fatigues wood, which was found to be a means to 
reduce the energy consumption of grinding. I also explain why 
this proposed surface should be energy efficient. 
 
In more detail, this thesis proposes what the grindstone surface should look 
like to produce pulp with least energy. I took a grindstone surface shown to 
improve energy efficiency – the Energy Efficient Surface (EES) – and 
provided evidence on why it is energy efficient, and how to make it better. 
To do this, wood was unipolarly impacted (compressed), and the resulting 
changes in the mechanical properties were quantified (210 samples). The 
induced fatigue was localized in a small (1-3 mm) region near the surface. 
This localized fatigued layer was also found to be present in an industrial 
grinding process, finally confirming a hypothesis originating from the 
1960’s. Pre-generation of fatigue turned out to be favourable for energy 
efficiency. From these results, a grinding surface with alternating 
compression (generating fatigue) and shearing (liberating fibers) zones 
was proposed. A resembling kind of approach has also been suggested in 
patents. 
 
Globally, mechanical pulping consumes much energy (approximately 150 
TWh of electric energy – approximately 27 Finnish nuclear reactors would be 
needed to produce this amount), and the paper consumption has been 
increasing despite the visions of a paper-free office. The research field has 
strived for energy efficiency for decades, and in recent years, innovations 
utilizing repetitive compressive loading have yielded significant energy 
savings. However, the fundamental physical reason for the energy efficiency 
of this technique is unknown – it has been hypothesized that the compressive 
loading generates fatigue in the wood, resulting in an energy efficient 
process.  
 
In this thesis the physical question – what is the significance of fatigue for 
mechanical pulping – is broken down into five sub-questions: 1) Can we 
model the repetitive compressive loading in a controlled manner (e.g. 
controllable frequency, amplitude of impacts and moisture content) and 
quantify the resulting decrease in stiffness (Paper I), i.e. the amount of 
fatigue? 2) What are the changes generated in the non-linear mechanical 
properties and where is the generated fatigue localized (Paper II)? 3) If the 
effects of fatigue in a well-controlled situation can be quantified, are the 
phenomena detected in the modelled process present in the actual industrial 
process (Paper III)? 4) What is the effect of fatigue on the energy 
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consumption (Paper IV)? 5) How does the localization of the generated 
fatigue change in different wood geometries (radial and tangential, Paper V)?  
 
The proposed characterization techniques include (a) quantitative 
through-transmission ultrasonics for bulk wood (Paper I) and for depth 
profiling (Papers II, III and V). The latter allows determining stiffness tensor 
components in wood samples as a function of depth; (b) micro-computed X-
ray tomography which offers an image of the microstructure of the samples 
(Papers II, III and V); (c) an encapsulated split-Hopkinson device (ESHD, 
Paper II) combined with a high-speed photography system, enabling 
research of in situ mechanical phenomena occurring during fast 
compression; (d) thermoporosimetry, measuring changes in the nano-size 
pores in the wood cell walls induced by grinding (Paper III) and (e) quasi-
static materials testing, measuring the changes in the tensile and 
compression behaviour in various wood directions both in the elastic and 
plastic regime (Paper IV). 
 
To answer the first sub-question, the EES grinding process was 
mimicked: a custom made device was used to generate cyclic unipolar 
compressional pulses at 500 Hz along the radial wood direction. These 
pulses were found to reduce the measured radial stiffness by up to 90%. A 
clear moisture dependence on the stiffness drop was discovered, lower 
moisture content yielding more fatigue. Above the fiber saturation point no 
change in the amount of fatigue as a function of moisture was discovered. 
Ultrasonic depth profiling results and X-ray tomography images answered 
the second and the fifth question: they revealed that the generated fatigue 
was concentrated to a layer near the sample surface in both radial and 
tangential wood geometries. This layer, 1-3 mm thick depending on the 
fatiguing parameters, comprised a zone with saturated fatigue and a 
transition zone extending from fatigued to intact wood. A theory based on 
elastic energy storage was formulated to explain this localization. ESHD 
experiments combined with the quasi-static tensile and compression tests 
revealed that at nanoscale, the fatigue is generated between the cellulose 
microfibrils and the surrounding lignin-hemicellulose matrix.     
 
To answer the third question, it was shown that the layer-like formation 
of fatigue is present in the actual industrial process, confirming a hypothesis 
originating from the 1960’s. After this, in order to answer the fourth 
question, experiments were done with a laboratory-scale grinder, which 
indicated that compared to non-fatigued samples the fatigued samples could 
be ground into similar quality pulp (Canadian Standard Freeness and fiber 
length) using less energy. This means that pre-fatiguing, revealed as a 
reduced radial stiffness, induced by repeated cyclic compression, reduces the 
energy consumption of the grinding process. This improvement was 
hypothesized to result from the previously detected, induced micro-scale 
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damage into the cellulose – lignin-hemicellulose matrix boundary, which 
makes it easier to liberate the fibers. The amount of energy used for pre-
fatiguing was not included in the energy balance since we aimed to show 
whether pre-fatiguing wood reduces the energy consumption rather than to 
engineer an industrial process. 
 
The main conclusion is that inducing pre-fatigue can reduce the 
energy consumption of the wood grinding process. This could be 
done with a grinding surface comprising of two zones: a pre-
fatiguing zone and a shearing zone. 
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1 INTRODUCTION 
During the 20th century grand visions of tomorrow’s offices were 
proposed: BusinessWeek wrote in 1975, describing ‘The Paperless Office’. 
The article, which was reproduced in Bloomberg BusinessWeek [1] states: « 
Vincent E. Giuliano of Arthur D. Little, Inc., figures that the use of paper in 
business for records and correspondence should be declining by 1980, “and 
by 1990, most record-handling will be electronic." ». In hindsight, we see that 
the ‘decline by 1980’ was there only for one year, see Figure 1. Obviously, the 
5-fold increase in printing and writing paper consumption [2] shows that 
paper is still an important medium for conveying information today. 
 
Figure 1 Amount of printing and writing paper produced annually between 1960 and 
2011 [2]. 
Mechanical pulping, invented in the 1840’s, is a defibration process 
applied in printing paper and board production. The main alternative – 
chemical pulping – is used for fine paper and is (despite being self sufficient 
in energy consumption) more expensive and less effective in raw material use 
[3]. The Achilleus’ heel of mechanical pulping is energy inefficiency – as little 
as 1-10% of the consumed energy goes to the defibration itself [4]. Therefore 
the field has long strived towards energy efficiency, and in the beginning of 
the 21st century, a new type of grindstone implementing a sinusoidal surface 
was devised, Figure 2 [5]. This new surface reduced the energy consumption 
by 30%. In addition, there are two patents suggesting a two-zone grindstone 
surface [6, 7], which is hypothesized to be energy efficient. 
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Figure 2 Differences between the energy efficient grindstone surface (EES) [5] and 
a conventional Norton-type surface. The EES stone features a distinct 
sinusoidal pattern (top left, exaggerated in the picture for clarity) whereas 
the conventional stone is nearly flat (top right). The rotation direction is 
marked (white arrow). Schematic force vectors (black arrows) show the 
impacting on the samples. Pictures of the EES type stone (bottom left) and 
of the Norton-type stone (bottom right). 
Research often focuses on making materials and structures more enduring. 
However, in this thesis, we try to do exact the opposite – disassemble the 
wood matrix using little energy. Previous research on material disassembly 
has focused on industrial disciplines such as mechanical pulping [8], cereal 
grinding [9] and biomass- [10] and mineral comminution [11]. In addition, 
energy efficient material destruction has been studied for rock drilling [12] 
and machining, in which a localized thermal treatment during the machining 
has been shown to improve the energy efficiency [13]. 
 
In this thesis, I focus on the energy efficient grindstone surface (EES) 
[5]. I use the tools of physics to understand what happens and why, when a 
sinusoidal surface is added on the grindstone. I then show, that the cyclic 
loading (which in the EES grindstone is induced by the sinusoidal surface) 
allows energy efficient comminution of the wood matrix into paper fibers. 
Finally, the progress of a prominent feature – localization of the plastic 
change along the depth direction – is studied in both radial and tangential 
wood geometry. 
 
There are two terms that are prevalent in this thesis. I now define them. 
By energy efficiency, I mean the amount of energy consumed per ton of 
produced paper of a certain paper quality, i.e. kWh/t at certain paper 
mechanical properties or specific energy consumption (SEC). With 
increasing cost of electricity, this is an important number for any executive 
deciding on the future of mechanical pulping.  
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My research in 30 seconds 
 
What is the problem I try to 
solve? 
How to make mechanical 
pulping, especially grinding, 
more energy efficient? 
 
Why is it worth solving? 
The competitiveness of the 
Finnish paper industry can 
be maintained by reducing its 
production costs. 
 
What is my proposed 
solution? 
Generating fatigue into the 
wood matrix before fiber 
liberation. 
 
By fatigue, I mean changes 
generated in the cellular structure 
of wood by unipolar (no tensile 
phase, only compression) cyclic 
loading. The changes manifest as a 
decrease in the diagonal 
components of the stiffness tensor 
(longitudinal properties along 
different wood directions) and in 
the shear moduli. In mechanics, 
fatigue is usually defined as the 
accumulated structural change 
caused by several mechanical load 
cycles, each of which alone stays 
below the yield load of the 
structure. Therefore, no single 
cycle causes the eventual structural 
collapse per se, but contributes to a 
slow accumulation of microscopic 
damage, including cracks. While 
preparing this thesis a choice was 
made between ‘fatigue’ and 
‘damage’ as a term to describe the aforementioned changes. I chose ‘fatigue’ 
because the experiments in the thesis apply cyclic loading, which means the 
induced damage is not due to a single load. Consequently, the word ‘fatigue’ 
best describes the changes generated to the wood structure. 
 
In this thesis, I combine tools and concepts from six different fields:  
 
1) Wood science: Information about the macro- and microstructure of 
wood is employed to understand the reasons for the detected physical 
phenomena. 
2) Papermaking technology: Information about the grinding process 
and requirements imposed on the fibers removed from the wood 
matrix by the papermaking process (e.g. freeness, fiber length) is 
applied. 
3) Ultrasonics: Ultrasound is used as a tool to probe changes in 
stiffness both in bulk material and as a function of depth from the 
sample surface. 
4) Mechanics of cellular solids: Existing theoretical constructs are 
applied to explain the mechanical changes detected in the samples. 
5) Fatigue research: Concepts of fatigue and fracture are exploited 
when the mechanical changes generated by the cyclic loading during 
grinding are quantified.  
 7 
6) Applied physics: Measurement tools such as the encapsulated split-
hopkinson and materials testers are applied to quantify the changes 
generated in the wood matrix. 
 
Niels Bohr is claimed to have said: « Prediction is very difficult, especially 
about the future ». Despite the fact that predicting the future may end up like 
the 1975 news article, I still wish to provide predictions and guidelines based 
on my research for future engineers who want to construct devices like the 
one described herein.  
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2 REVIEW OF LITERATURE 
 
Figure 3 The structure (upper pictures) of softwoods and forms of damage (lower pictures) at various length scales. For picture sources, see 
Appendix A. The abbreviations used in the top left picture are: cellulose microfibril (CMF) and hemicellulose-lignin module (HLM)
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2.1 WOOD - A VISCOELASTIC COMPOSITE 
Wood is a viscoelastic solid whose heterogenous composite mixture of 
orthotropic materials makes its response to stress complicated. Wood 
behavior depends strongly on moisture content and temperature. To 
determine the most efficient way to disassemble the wood matrix three 
things have to be known:  
 
1) What is the structure of wood at different length scales (macro-,  
meso-, micro- and nanoscale)?  
2) What is the mechanical behavior of wood at different length scales? 
and 
3) How does the mechanical behavior of wood change as a function of 
environmental/mechanical conditions (moisture, loading frequency 
and temperature)? 
 
Wood has a complex macro-structure (e.g. annual rings in softwoods), its 
structure is even more complex at the micro- and nano-level (microfibrils). 
The three main orthogonal wood directions – longitudinal, radial and 
tangential – exhibit different mechanical properties due to the cellular 
structure. Wood fibers are oriented along the longitudinal axis, and (in 
softwoods) they feature an alternating early- and latewood structure, 
latewood exhibiting thicker cell walls. Figure 4 depicts the primary directions 
along with two cutouts – radial and tangential sample cuts.  
 
Figure 4 The three orthogonal directions of wood: longitudinal (L), i.e. along the fiber 
direction, radial (R), i.e. perpendicular to the annual rings and tangential 
(T), i.e. along the annual rings. (left) A section of a tree trunk and both 
radial (middle) and tangential (right) sample pieces. Picture adapted from 
[14] and is reproduced with the kind permission of Prof. Wengert. 
   The annual ring structure makes the mechanical resp
complex. A single annual ring exhibits a large density gradient: in the 
beginning of the year, thin
of the year, the cell walls thicken, through transition wood finally to 
latewood, Figure 5. The differences in relative density (density of the bulk 
structure divided by the density of the cell wall material) between early
latewood can be 7-fold (0
Similarly, radial elastic modulus variations up to 4
[16, 17]. 
 
 
 
Figure 5 (Left) Annual ring structure of wood, RT
(EW), transition wood (TW) between the early
walled latewood (LW) cells are visible. (Right) 
function of radial coordinate in a single annual ring.
correspond to re
and 0.7 for latewood. Picture adapted fro
kind permission of Dr. Persson.
Two of the three primary constituents
hemicellulose, are amorphous; cellulose, the third one, has both amorphous 
and crystalline phases. The
mechanical strength of wood can be understood as follows: 
microfibrils exhibit an ordered structure, which provides most of the 
mechanical strength, whereas lignin 
a supporting matrix between fibres. Hemicellulose improves strength by 
acting as a coupling agent between the two dissimilar 
cellulose. A wood cell features different layers, starting from the middle 
lamella between the fibers, after which the actual wood cell wall consists of a 
primary wall and a secondary wall
sub-layers (S1, S2 and S
microfibrils (the angle depends on the
10 
onse of softwoods 
-walled earlywood is formed, and towards the end 
.1 in earlywood and up to 0.7 in latewood) 
-fold have been reported 
-plane. The thin walled earlywood 
- and latewood and the thick 
Absolute d
 
lative densities of 0.2 for earlywood, 0.3 for transitionwood 
m [17] and is reproduced with the 
 
 of wood cell wall material
 contribution of the different components
is found both within the cell wall and a
materials
, which is often divided into three different 
3), Figure 6. These layers feature slanted cellulose 
 cell wall layer, see Figure 
- and 
[15]. 
 
ensity as a 
These values 
, lignin and 
 to the 
cellulose 
s 
, lignin and 
6).  The cell 
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wall layers are heterogenous at the nanoscale, resembling a fiber-reinforced 
composite, Figure 6 (right). The primary cell wall nanostructure features 
strong links between the main components of wood: lignin, hemicelluloses, 
and cellulose as well as proteins [18]. In the secondary cell wall, cellulose 
aggregates are immersed in a matrix of hemicelluloses and lignin, see Figure 
6.  
Figure 6 (Left) The structure of wood at the cell wall level revealing the microfibril 
angle at each layer (black strands). Picture adapted from [19]. (Right) A 
schematic model of the S2 layer of the fiber wall featuring cellulose 
microfibrils (CMF-bundles) embedded in a lignin-hemicellulose matrix 
(HLM). The approximate locations of different polymers (mannan, xylan, 
polylignol chains) are marked.  Picture adapted from [20], model originally 
made for Ginkgo wood, which is morphologically similar to conifers such as 
spruce. 
The mechanical response – stress-strain curve – of radial wood compression 
in macroscale follows the standard compressive stress-strain curves by 
Gibson and Ashby [21]; three sections are evident in Figure 7: a linear elastic 
region, in which the strain is recoverable, a plateau region in which the cells 
buckle, and thus permanent changes occur, and a densification region, in 
which the cellular structure is compressed, and the cell wall material starts to 
compress. This mechanical behavior of wood, especially in the RT-plane, is 
thus dominated by features brought forward by the cellular structure. The 
stiffness of the cell wall material, and thus the structure itself, correlates with 
the microfibril angle: with increasing angle the radial stiffness increases [22, 
23]. The microfibril angle also affects the shear properties according to a 
model by Astley et al. [23]. 
 
As a bulk, the mechanical response of wood to various stresses depends on 
moisture content, temperature, and loading frequency. These factors are not 
independent of each other: changing e.g. the moisture content changes the 
response as a function of temperature and frequency. Examples of this 
behavior and the general trends follow.  
L 
T R 
10 µm 
T 
R L 
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In general, the mechanical properties of polymers depend on temperature: 
the higher the temperature, the lower the mechanical moduli [24, 25]. When 
a polymer is heated above its glass transition temperature Tg, the material 
becomes soft and less brittle, see Figure 8. This glass transition point of 
amorphous cellulose and hemicelluloses occurs at 20-100 °C depending on 
their moisture content [26], whereas in wet wood (loading frequencies 0.03 
Hz – 5 Hz), lignin softens at 50-90 °C depending on the wood species [27].  
 
As a function of increasing loading frequency, the wood matrix appears 
stiffer, i.e. the apparent elastic modulus increases [28]. This increase is 
steepest around 1-10 kHz according to  the numerical prediction presented in 
[28]. Unfortunately, the moisture content and the temperature are not 
defined in the manuscript, and thus, this frequency range is only indicative. 
Experimental results for frequencies ranging from 0.1 to 100 Hz demonstrate 
a similar increase in storage modulus as a function of frequency (for dried 
wood at temperatures ranging from 25 to 180 °C) [29].  
 
The effects of moisture content on different components of elasticity have 
been reported in the literature: For longitudinal ([30], measured value at 20 
°C), radial and tangential ([31], a simulation) wood directions, the elasticity 
decreases rapidly with the moisture content, see Figure 9. Similar behavior is 
reported for pine in [32] (measured at 26 °C). The review by Gerhards [25] 
links the moisture and temperature behavior for a variety of wood species 
and grain directions. In general, increasing the moisture content reduces the 
apparent mechanical moduli of wood.  
 
Figure 7 Macroscopic compression behavior (quasi-static) of radial spruce wood. 
The green area represents elastic deformation; orange is the plateau (cell 
buckling) after yield and red the densification regime. 
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Figure 8 The tangential modulus of elasticity of fresh spruce as a function of 
temperature. Picture adapted from [33] and is reproduced with the kind 
permission from Springer Science and Business Media. The ‘Siimes’ 
measurement series originates from [34], and the ‘Salmén’ measurement 
series from [35]  
 
Figure 9 Modelled radial (Er) and tangential (Et) elasticity of early- (left) and 
latewood (right) of softwoods as a function of moisture content. The two 
different angles in the earlywood plot represent S2 microfibril angles (10° 
and 35°).  Picture adapted from [31] and is reproduced with the kind 
permission from Springer Science and Business Media. 
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2.2 PAPERMAKING 
 
Pulp can be made using two major methods: mechanical and chemical 
pulping, or by using a combination of them, chemimechanical pulping. Both 
methods have advantages and disadvantages: mechanical pulping features 
high yield and requires no chemicals, however, it requires a lot of energy (1.5 
- 2 MWh/t for groundwood and pressure groundwood, and 2.0 - 3.5 MWh/t 
for thermomechanical pulping). Chemical pulping is self-sufficient in energy 
consumption (the production residues are used to produce energy, which 
means that no external energy is required), however, the yield is small (~50 
%), and the chemicals used have adverse effects on the environment. In this 
thesis, I focus on mechanical pulping, since it is likely that physics may offer 
a means to reduce the energy consumption, thus removing a major 
shortcoming of the technique. 
 
Mechanical pulping is a form of papermaking, in which fibers are 
removed from the wood matrix and turned into papermaking 
fibers. Such fibers should feature: sufficient opacity (enough fiber wall 
remaining) and enough exposed fibrils and free surface to attach to each 
other in the paper matrix. In addition, the fibers should be long enough, 
since long fibers produce paper with high tensile strength [36]. There are two 
main types of mechanical pulping: Grinding (including stone groundwood 
(SGW) and pressurized groundwood (PGW)) and refining 
(thermomechanical pulp (TMP) and chemi-thermomechanical pulp 
(CTMP)). Grinding was discovered first, refining later [4]. In refining, metal 
plates are pressed against each other with either one (single disc, i.e. SD 
refining) or both (double disc, i.e. DD refining) of them rotating. The plates 
feature a pattern of grooves designed for efficient defibration. The raw 
material fed between the plates is wood chips, i.e. small pieces of wood. In 
grinding, entire logs are pressed against a revolving grindstone. This 
grindstone surface features sharp grits, which press against the wood and rip 
the fibers off. The fiber development process can be divided into four 
subcomponents: “External fibrillation, creating delaminations, fibre 
shortening, and release of fines, i.e. detached small particles from the cell 
wall” [37]. In a recent innovation, the energy efficient grinding surface (EES) 
[5], see Figure 10, a sinusoidal pattern was added to the gritted surface. This 
thesis focuses on the physics of the grinding process. However, both 
processes (PGW and TMP) feature cyclic compression at high strain rates, 
and thus the results are likely to be generalizable to the refining process also.  
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Figure 10 (Left) The energy efficient grinding surface featuring a sinusoidal pattern 
superimposed with small grits. (Right) A traditional grinding surface 
featuring small grits. The force vectors schematically describe the relative 
magnitudes of the tangential (T) and normal (N) forces. 
During grinding, two processes interact: cyclic compressions arising 
either from the sinusoidal pattern (large compression, EES) or from the grits 
(small compression, standard surface) and shear forces generated by friction 
of the grits pressing against the surface whilst the stone rotates. Simplifying, 
the compression forces generate fatigue, i.e. microfractures and other 
structural changes, while the shear forces peel the fibers off the wood matrix 
(however, cyclic shear forces also generate fatigue).  
 
The grinding process can be controlled by altering the rotation speed of 
the pulp stone, the shower water temperature, the wood feed rate and by 
engineering the stone surface. The rotation speed affects the frequency of 
compression/shear pulses the fibers on the surface experience during 
grinding, whilst the feed rate alters the amount of time a single fiber is 
exposed to the grindstone. 
 
To achieve fiber separation, fracture surfaces (‘free surface’) have to be 
created. Even 90% of the energy consumed by a mechanical pulping mill goes 
to defibration and refining. Only part (1-33%) of that energy is used to 
generate free surfaces and to liberate fibers from the wood matrix [38].  
 
Several attempts to reduce the energy consumption of mechanical pulping 
have been reported. Cannell’s review from 1999 [39] lists the main 
discoveries related to how to reduce the energy consumption of refining: 
increase the production rate (less time for the pulp to spend in the refiner), 
reduce the consistency (solid content) of the pulp (resulting in increased 
intensity), use TMP pulping (high temperature treatment of the pulp) and 
the RTS process (high rotation speed). A review by Gorski et al. [8] 
demonstrates the positive effects of mechanical pretreatment by high 
amplitude compression on the energy consumption of TMP. Recent 
improvements in grinding include the work by Björkqvist et al. [5] and 
Tuovinen et al. [6]. 
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2.3 DAMAGE: FATIGUE, FRACTURE AND 
COMMINUTION  
Here I first define one term: damage, which I use in a larger context than 
normally. In general, the word ‘damage’ has a negative sound to it, and it 
usually refers to negative or unwanted effects. However, in this thesis, many 
kinds of permanent changes to materials are referred to as damage – in 
papermaking, the fibers need to be prepared/developed, i.e. damaged, in a 
certain way during the fiber separation process. 
 
In general, damage is generated when stresses on a material exceed its 
yield strength. For an elastic-perfectly plastic material, the deformation is 
first recoverable, but after the yield limit, plastic deformation is generated 
(deformation which is not recoverable) [40]. For processes involving 
compression, plastic behavior (especially for a cellular solid) usually involves 
buckling: the material bends under compression. At the plastic regime 
(beyond the yield point), two different types of fracture can occur: brittle and 
ductile cracking depending on the material ductility. In a brittle crack, the 
stored mechanical energy in the structure is suddenly released which creates 
new surfaces, whereas in a ductile crack, plastic deformation occurs. 
 
However, damage can also be generated by cyclic loads that stay below the 
material’s yield stress in a process called ‘fatigue’. These loads generate 
microscopic damage that progresses to a point of catastrophic failure after a 
high number of loading cycles. First, microscopic changes cause permanent 
changes, followed by generation of microscopic cracks that grow to form 
macrocracks. These macrocracks then propagate until the material fails 
catastrophically. The process is depicted in Figure 11 (adopted from [41]).  
 
Figure 11 Different phases in the formation of fatigue in materials. Picture adopted 
from [41], and is reproduced with the kind permission from Prof. Schijve. 
This kind of classification of damage into two components, ‘elastic’ and 
‘plastic’ damage, has also been applied in low-cycle fatigue damage analysis, 
e.g. Chow and Wei [42]. In the literature, the amount of fatigue is generally 
quantified by the number of stress cycles: a material has a certain fatigue life, 
i.e. the number of cycles for ultimate failure, and the ‘amount’ of fatigue is 
the percentage of current number of applied cycles vs. this limit. 
 
 17 
Damage is quantified in different ways in the literature; the approach I 
use in this thesis is to describe the amount of fatigue generated by a 
reduction in the stiffness tensor components. This arises from the isotropic 
scalar measure of damage, e.g. Zioupos et al. [43]: in this measure, the 
amount of damage is determined by the reduction in stiffness of the material.  
The ultimate strength of materials cannot be reliably predicted ultrasonically, 
which is why I selected this damage measure instead of a residual strength 
based measure.  
 
For fiber reinforced composites, such as wood, the damage mechanics 
differ from the traditional ones, which were often derived for metals. In 
metals, very little reduction in stiffness is observed during fatiguing prior to 
the final stage of complete structural failure, whereas in fiber-reinforced 
composites damage is seen very early in the process, featuring a continuous 
damage increase [44]. This makes pre-fatigue generation, even with few 
cycles, a possible approach for generation of microscopic damage into the 
fibers during the papermaking process. 
 
When materials are comminuted, e.g fibers are removed from the fiber 
matrix during mechanical pulping, free surfaces are generated. This free 
surface generation requires energy. For wood fibers, Chakraborty et al. [45] 
suggested using Rittinger’s law (describing the energy consumed in 
comminution) to calculate the energy required to break the hydrogen bonds 
holding the cellulose microfibrils in place. The energy required to remove a 
fiber from the wood matrix is needed for three tasks: to create new fiber 
surfaces, to break some of the fibers along their longitudinal axis, and to 
plastically deform the fibers [46]. 
 
In mechanical pulping, high strain rate cyclic compressive loads heat, 
loosen, and fatigue (lower mechanical strength, generate microscopic 
changes in the fibre walls [47]) the cellular structure, whereas shear loads 
deliberate the hot fatigued fibers from the solid wood. The cyclic 
compression I apply in this thesis differs from the conventional definition of 
fatigue in the literature: the high frequency cyclic compression is a dynamic 
process, and the time scale is shorter than in traditional, nearly adiabatic 
fatiguing experiments. Previous research on the role of pre-introduced 
fatigue as a part of mechanical defibration has focused on low-frequency 
(0.1-10 Hz) cyclic compression (fatigue) of wood [48, 49]. The effects of 
repeated quasi-static compression and shear have also been studied [50]. 
High frequency (100’s of Hz) fatigue, however, has not been studied. The 
industrial process (mechanical pulping) operates at kHz range. 
  
 18 
2.4 “THEORETICAL WOOD” – HOW TO DISASSEMBLE 
THE WOOD MATRIX USING LITTLE ENERGY 
In this chapter, I take what is known about the nanostructure of wood and 
combine it with existing knowledge of damage processes in fiber-reinforced 
composites. This way I aim to form a hypothesis about how to efficiently 
break the wood matrix into papermaking fibers. 
Figure 12 The nanostructure of the primary and secondary cell walls (see Figure 6) of 
gymnosperms (a type of wood) by Sarkar et al. [51]. The added size bar is 
approximative. The red square marks the area in which the pre-fatigue is 
generated according to the hypothesis presented in Figure 14. G stands for 
guaicyl and S for syringyl. 
The fiber structure has to be taken into account when the mechanical 
pulping process is considered: lignin and hemicelluloses bond the cellulose 
microfibrils together in the secondary wall, whereas there is a complex 
network of polymers in the primary wall. There are two models for the 
nanostructure of the secondary walls: the microfibrils are bound to the lignin 
matrix by either hemicelluloses, for reference see e.g. [19,47] (Figures 6 and 
12, a well established hypothesis) or by a monolayer of water [52] (Figure 13, 
a newer hypothesis). During pulping, fibers break either a) between the 
primary layer and the middle lamella if the fiber temperature is high enough 
(lignin is soft, i.e. temperatures exceeding 125-145 °C) or b) between the 
primary and secondary layers, if the fiber is cold (lignin is hard) according to 
research performed in the 70’s and 80’s as reviewed by Berg [53]. Similar 
results are reported in shear experiments by Johansson et al. [54] – a 
transition from transwall (fracture that passes through the cell wall into the 
lumen) to interwall fracture (fracture within the cell wall) at increasing 
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temperatures. In more recent research done on refining, a breach in the S 
layers [55] or the compound middle lamella and S2 [56] has been suggested 
for spruce. Also, refining-induced breaks inside the S2 wall has been reported 
[57].  For the process I focus on, SGW, the separation likely happens at the S1 
– S2 boundary or between the P and S layers [58]. In light of this 
information, in this thesis, I chose to focus on the secondary wall when 
generating a hypothesis on the effects of fatigue at the nano-level. This 
should make the hypothesis generalizeable for refining also. 
Figure 13 A model for the nanostructure of wood cell walls by Hill [52], compare to 
Figure 6. In his model, there is a monolayer of water (small wedges) 
between the cellulose microfibrils and the hemicellulose-lignin matrix. The 
red square marks the area in which the pre-fatigue is generated according 
to the hypothesis presented in Figure 14. Reprinted with the kind 
permission from Dr. Hill. 
The difference between the two models does not have a significant effect 
on the research done in this thesis. Regardless of which of the two cell wall 
models (Figures 12 and 13) is chosen, the secondary wall structure (see 
Figure 6 (right)) means that wood can be thought of as a fiber-reinforced 
composite at the nanoscale for the purposes of mechanical pulping: hard 
cellulose microfibrils embedded in a soft polymer matrix, e.g. in [59]. To 
dismantle the structure, it must be made to fracture, i.e. the local stress 
should exceed the fracture strength of the material. Since there are few 
studies quantifying this strength for the S layers, quantitative calculations on 
the required energy are hard to make. A measured value of 31 J/m2 
(corresponding to 2.13 kWh/t of energy, see Appendix C) is presented in the 
literature, however, its reliability is doubted by the authors themselves [60]. 
This does not, however, prevent one from making qualitative predictions 
regarding the effects of fatigue: generating fatigue into a structure has been 
shown to reduce the fracture stress [61] of silicon and the tensile fracture 
toughness of bone [62]. Thus, it is likely that inducing microcracks into the 
S-layers of wood would reduce their fracture strength and thus make the cell 
wall easier to fracture. 
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In general, fiber reinforced composites often break at the boundaries 
between the hard fibrils and the reinforced matrix. During compression 
delaminations between the matrix and the fibers form [63, 64] at the sides of 
the fibers. This led me to form a hypothesis: Cyclic compressive loading 
induces microscopic cracks into the boundaries between the hard cellulose 
microfibrils and the soft lignin matrix. This could allow one to break the cell 
wall either at the S1 - S2 boundary or within the S2 layer using little energy.  
 
During fiber liberation in SGW grinding, the fibrils are subjected to radial 
tension and shear in the RT-plane. This shear loading, similar to the 
simulated shear impact loading in [65], causes disbonding at the hard fiber – 
soft matrix -interface.  It is possible, that the cracks initiated at the fiber-
matrix boundaries coalesce to form a crack spanning the cell wall in the RT-
plane, resulting in efficient fiber wall breakage, see Figure 14. This effective 
fiber breakage should result in more energy efficient mechanical pulping. 
 
 
 
 
 
Figure 14 Formation of macrocracks resulting from fatigue. The arrows depict the 
forces applied to the wood matrix. (left) Microcracks (macrocrack 
precursors) form at the cellulose (blue) – hemicelluloses (dark blue) /lignin 
(brown) matrix boundary (middle) microcracks coalesce and form a crack 
through the matrix (right) cracks span across the hemicelluloses/lignin 
matrix between cellulose fibril bundles when subjected to RT-direction 
shear (Mode III). The nanostructure in this image should be compared to 
Figure 6.  
2.5 FROM THEORY TO PRACTICE 
To test the theoretical microcracking hypothesis introduced in chapter 2.4 we 
performed a series of experiments of gradually increasing complexity, 
detailed in five manuscripts. First, we determined whether the stiffness of the 
wood samples changes during cyclic compression mimicking the EES 
grindstone (Paper I). A surprising strain localization detected in those 
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experiments resulted in further experimentation into the localization 
phenomena (Paper II).   
 
Then, we determined whether such stiffness decrease (fatigue) is present in 
the mechanical pulping process (Paper III). Finally, we quantified the 
stiffness matrix components during tensile (tangential and longitudinal) and 
compression (radial) loading to determine whether the induced changes 
match the predictions generated based on my hypothesis (Paper IV). 
 
After this, we tested the second part of the hypothesis – that introducing 
such cracks (pre-fatiguing) improves the energy efficiency of grinding (Paper 
IV). Finally, we studied the localization phenomena more carefully in both 
radial and tangential wood geometries (Paper V). In the end, based on all 
results of my research I proposed a grindstone surface that could allow 
energy efficient grinding. 
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3 EXPERIMENTAL PART I – SAMPLES AND 
TREATMENT 
In order to study the mechanical changes induced to the wood structure by 
cyclic compression loading, a method for repeatable, controlled generation of 
such cyclic stresses is vital. In this study, the method described by Panula-
Ontto et al. [47] is applied; a device performs unipolar (free relaxation) saw-
tooth pattern (0.75-1 mm of height) cyclic loading on a wood sample at a rate 
of 500 Hz. We set out to study the effects caused by such compressive 
loading on the wood stiffness and structure. Altogether 210 samples were 
employed. 
 
The fatigue generating device – ‘Modulated Loading Device’ (MLD) – 
applies cyclic compression pulses at a pre-selected frequency depending on 
the cogtooth rotation speed, see Figure 15. The nominal amplitude of the 
pulses is set by the sawtooth height in the cogtooth wheel. We implemented a 
monitor for the energy consumed in the process, which allowed estimating 
the energy deposited into the sample per cycle. The cogtooth halves are held 
together by a static pressure. This static pressure is small enough not to alter 
the samples by its own. Depending on the study, 2500 – 40000 cycles were 
delivered by the device, typically at 500 Hz. 
Figure 15 Fatigue generation by the MLD. (left) measured position of the top plate in 
the cogwheel. (inset) A zoom-in of a single impact. (right) Operation 
principle of the MLD. The upper cogwheel rotates right, which compresses 
the sample (I-II). When the peak of the tooth is reached, the top cogwheel 
falls freely and the bottom cogwheel part along with the sample recoils. 
This results in a collision (III), which then starts a new cycle (IV). 
The samples used in Papers I, II, IV and V were Norway Spruce (Picea 
Abies L. Karst) right cuboids, 10 x 10 cm2 in cross-section but with different 
thickness (in Paper II, they were further cut to smaller samples, see Table I). 
Two different types of sample cuts were employed: the thickness direction 
was parallel either to the radial (sample surface in the LT plane) or tangential 
(sample surface in the RL plane) wood direction.  
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Figure 16 Sample definition and treatment. (left)  Annual ring geometry of the two 
sample types (tangential and radial). (center) A schematic diagram of the 
MLD. (right) Sample treatment for Paper III. Cylindrical logs (blue circle) 
were pressed against a revolving grindstone (gray circle) with various feed 
velocities, and the grinding was abruptly interrupted. 
All of these samples originated from freshly felled trees from Espoo, 
Finland. After felling, the trees were cut into 10 cm wide planks, which were 
sawn into samples. The samples were stored in plastic bags to stabilize their 
moisture (different in various experiments, ranging from 20% to 55% 
moisture content) and subsequently stored in a fridge (4-6 °C). To ensure 
thorough fatiguing, in the later part of the study (Paper IV) freshly felled 
Norway Spruce trunks were turned into 2 mm thick veneer sheets that were 
fatigued with 20000 cycles on both sides. 
 
 Sample 
dimensions 
(cm3) 
Number 
of 
samples 
Number of 
cycles 
Frequency Wood 
direction 
Paper I 10 x 10 x 2  23 2500-30000 500 Radial 
Paper II 10 x 10 x 2, 
1 x 1 x 0.6 and 
1.5 x 1 x 1.5  
132 6000-20000 500 Radial 
Paper III 1.5 x 1 x 1.5  8 Grinding - Radial 
Paper IV 10 x 10 x 0.2  20 40000 500 Radial 
Paper V 10 x 10 x 1.3  27 2500-20000 500 Radial and 
Tangential 
Table 1. Definition of samples of this thesis (total N = 210). 
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For the grinding experiments (Paper III, see Figure 16), 10 cm long 
cylindrical logs were cut from freshly felled trees and then inserted into a 
laboratory scale grinder. The grinding process was abruptly interrupted and 
1.5 x 1 x 1.5 cm3 samples were cut from the ground wood surface for 
ultrasonic depth profiling measurements. Two different grindstone 
surfaces – Norton (flat with grits) and Wave (sinusoidal surface with grits) – 
were used, see Figure 2.  
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4 EXPERIMENTAL PART II – EFFECTS OF 
CYCLIC LOADING 
4.1 LINEAR MECHANICAL CHARACTERIZATION 
 
Ultrasound was selected to quantify the changes in the wood structure 
due to its non-destructiveness – samples may be measured before and after 
the loading process. Hence, one can compare the sample modulus to itself, 
which makes the results more reliable. In addition, the ultrasonic 
measurement is rapid and portable, and it may be done with samples 
featuring different moisture content and temperature. This provides a 
possibility for future inclusion of ultrasonic measurements into the actual 
mechanical pulping process. X-ray tomography (µ-CT) was selected to 
provide visual information about the cause of the modulus changes seen by 
the ultrasonic measurement. This provided an independent method to verify 
the ultrasonic results.  
4.1.1 STIFFNESS EVALUATION PART I – THROUGH-TRANSMISSION 
OF THE ENTIRE SAMPLES 
 
In papers I and III the amount of fatigue generated in the samples was 
determined based on their radial ultrasonic stiffness (a.k.a radial dynamic 
modulus of elasticity) 
(1)                   = 
 
in which CR is the radial stiffness, i.e. the Crrrr component of the stiffness 
tensor, ρ is the sample density and cR is the longitudinal mode ultrasonic 
phase velocity along the radial direction.  
 
The stiffness tensor component has several names in the literature: Keunecke 
et al. [66] and Koponen et al. [67] call it the “stiffness modulus”, Reinprecht 
et al. [68] and Yin et al. [69] call it the “dynamic modulus of elasticity”, 
Goncalves et al. [70] state that it is one of the diagonal stiffness tensor 
components and Haines et al. [71] call it the “Young’s modulus”. In this 
thesis, I chose the word ‘stiffness’ prefixed with the wood direction to 
describe this tensor component in various wood directions (e.g. ‘radial 
stiffness’ for the CR component). The aforementioned quantity is merely one 
single component of the stiffness tensor; to determine the elastic modulus, 
other components of the tensor should be measured.  
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A through-transmission setup, Figure 17, was used in the US 
measurements. The probing frequencies were 500 kHz for paper I 
(longitudinal wave mode), 2 MHz for Papers II, III and V (longitudinal wave 
mode) and 2.5-6.5 MHz for Paper V (shear wave mode, chirp). These 
frequencies were selected to provide optimal time-of-flight resolution with 
manageable attenuation. Five-cycle ultrasonic tone bursts were transmitted 
from the transmitting transducer through a delay line into the sample, picked 
up by the receiving transducer and amplified. An oscilloscope digitized the 
signals, which were then analyzed with a custom made Matlab code that 
determined the time-of-flight (TOF) through the sample. 
 
 
Figure 17 Schematic diagram of the through-transmission ultrasonic equipment. 
Thresholding of the arrival of energy (ultrasound A-line) was used in papers 
I-III and V, Figure 18. The signal was first squared (in papers I-III, the raw 
signal was used in Paper V), a threshold value (certain % of the maximum 
signal amplitude) was selected and then the first value exceeding this 
threshold was detected. This value was deemed to be the time-of-arrival 
(TOA). The TOF was then determined by substracting the TOA through the 
delay line from the TOA through the sample - delay-line combination. As low 
a threshold as possible was selected (the correctness of the thresholding was 
checked by visual identification of the first arrival of the signal), however, 
within a measurement series, the threshold value was kept constant. First 
zero crossing was considered as a TOF determination method, however, 
thresholding was chosen for the data analysis, see Appendix D. 
 
This method is insensitive to changes in the phase of the signal but it is 
sensitive to the signal-to-noise ratio and to the possible changes in the shape 
of the first peak. If the steepness of the first discernible swing of the signal 
 changes, small errors are generated by the thresholding 
using a small threshold 
quantitative TOF estimate one must compare the same cycle of the tone 
burst. 
Figure 18 Determin
the detected T
In papers I and II the radial stiffness tensor component of the bulk samples 
(the stiffness measured through the entire 2 cm thick sample) were 
determined as a function of delivered number of
deteriorated exponentially with number of pulses, and the moisture content 
was found to affect the amount of fatigue generated, dry wood becoming 
more fatigued than moist wood, 
literature to which this
reports detailing results obtained using lower cyclic frequencies, e.g.
results by Salmén [48
in the paper predicts a
500 Hz, which is slightly lower than the measured 20
measurements. This 
energy absorption level used in Salmén’s master curve is likely to be 
significantly lower than the one of this study, and secondly, 
not take into account the localization
frequencies (see chapter 4.1.2)
 
In the fatiguing experiments, the samples lost some moisture due to the 
treatment. This, however, does not cause a problem: decreasing moisture 
content should make the wood matrix appear stiffer, see 
the ultrasonic measure
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Figure 19 Bulk radial stiffness (CR) values for dry wood (blue), moist wood (green) 
and oversaturated wood (red). Data normalized to the stiffness value of 
each sample measured prior to the fatiguing. These results show that 
fatigue can both be created and quantified. 
A similar reduction in ultrasonic velocity as a function of compression has 
been detected in bread crumbs [72]: a collapsed cellular structure featured a 
reduced ultrasonic velocity. Those authors concluded that changes in the cell 
wall structure caused by compression increase the ultrasonic attenuation and 
decrease the phase velocity. This supports my hypothesis presented earlier in 
Chapter 2.4 (pre-fatiguing generates damage in the cell walls). 
 
In addition to the experiments performed with longitudinal ultrasound 
(Papers I - III and V), shear measurements along both RL and RT directions 
were made in Paper V. In these measurements, a decrease in the shear 
modulus was detected along both directions; the drop was larger in the RL 
direction.  
4.1.2 STIFFNESS EVALUATION PART II – STIFFNESS DEPTH 
PROFILING 
 
In paper I, it was suggested that the exponential change in bulk radial 
stiffness (Figure 19) could be explained by the formation of a fatigued layer 
on the impacted side of the sample. In papers II and V, more evidence, 
including µ-CT imaging of the fatigued surface, was shown, supporting the 
existence of this phenomenon. In papers II and III, depth profiling 
experiments were carried out according to the procedure described in Figure 
20. Material was removed layer-by-layer with a Reichert microtome. The 
thickness, time-of-flight, and density of each layer were determined from the 
changes in these values pre- and post cutting. In paper V, the depth profiling 
method was further developed by introducing an interlacing technique. 
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Figure 20 Principle of stiffness depth profiling. The dynamic modulus of elasticity 
(ultrasonic stiffness) is determined from the time-of-flight (TOF) through a 
single layer of the sample: the sample is first weighed and the TOF is 
measured, then a small layer is removed with a microtome and the sample 
is weighed and the TOF is measured again. The modulus is then calculated 
from the differences in weight and TOF. 
The fatigued layer was found to exhibit three zones in Paper II: A fully 
fatigued zone, e.g. an area with a saturated amount of fatigue, a transition 
zone in which the stiffness increases linearly, and an intact zone, Figure 21. 
This was also seen in samples fatigued with 20000 cycles in Paper V. The 
existence of the fatigued layer was confirmed by µ-CT. Figure 22 shows an 
image taken from the fatigued surface: changes in cell morphology are seen 
near the impacted surface in the images in Paper II and V. 
  
Figure 21 Measured ultrasonic radial stiffness depth profiles for reference and 
fatigued spruce samples. The modulus values are normalized to the 
average modulus value in the deepest situated 1 mm of the measured 
sample. The profile shown was used for calculations in Paper II.  
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Figure 22 X-ray tomographic image of a fatigued sample. (B) is a zoom-in from (A). 
The red layer is the area of saturated fatigue whereas the light red zone is 
the transition zone. Some cell deformation is also seen in the thinnest-
walled earlywood in the third annual ring (right side of the sample). The 
arrow marks the direction of the applied impacting pulses. 
In Paper V, the mechanism behind the fatigue layer generation was 
studied for impacting delivered along both radial and tangential wood 
directions. The layer generation mechanism detected in Paper II was verified 
(see Figure 23), and a similar layer was detected in tangential wood geometry 
(Figure 24). There were differences in the layer shapes: The radial wood 
direction featured a steep stiffness profile, whereas the tangential profiles 
were significantly wider and less steep. In addition, the required number of 
cycles necessary to produce a layer of a certain thickness was higher when 
delivered along the tangential wood direction. 
 
T 
R L 
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Figure 23 (bottom) Stiffness as a function of depth in the radial wood direction, 20000 
load cycles applied. The values are normalized to the deepest situated 1 
mm of the sample. (top) A µ-CT image of the sample. The horizontal scales 
are equal. 
 
 
 
Figure 24 (bottom) Stiffness as a function of depth in the tangential wood direction, 
20000 cycles applied. The values are normalized to the deepest situated 1 
mm of the sample. (top) A µ-CT image of the sample. The horizontal scales 
are equal. 
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A similar layer-like change was also detected in the RT-shear properties 
(Figure 25), although only one sample was measured in this test since it was 
found to be hard to perform. The result obviously needs to be verified. This 
result was, however, included, since it provides the first indication of changes 
in the shear properties along with the compressional elastic properties. This 
bears significance for future grinding surface designs: a change in the shear 
properties should make the fiber liberation from the wood matrix easier.  
 
  
Figure 25 RT-shear depth profile of a reference (no fatigue) and 20000 cycles 
fatigued sample. 
4.2 NON-LINEAR MECHANICAL CHARACTERIZATION 
4.2.1 SPLIT-HOPKINSON PRESSURE BAR 
 
Even though much information can be gained with ultrasonic measurements 
(for example, the stiffness as a function of depth, which cannot be obtained 
by any other means), the nonlinear properties of wood, i.e. yield point and 
the stress-strain curve cannot be obtained. These properties are, however, 
vital for understanding mechanical pulping (that involves large 
deformations): The frequency of the applied compression cycles is in the kHz 
range, and thus, the stress-strain curve measured during high frequency 
compression loading reveals features (changes in the non-linear behaviour, 
e.g. yield stress, plateau shape) that do not necessarily manifest themselves 
in elastic (ultrasonic) testing.  
 
An encapsulated Split-Hopkinson device was used to study the stress-strain 
properties of samples impacted at high frequencies (kHz range) while being 
0 0.5 1 1.5 2 2.5 30
0.5
1
1.5
2
2.5
3
d [mm]
N
o
rm
al
iz
e
d 
sh
ea
r 
m
o
du
lu
s
 
 
Reference
20000 cycles
 kept at temperatures ranging from 20 to 130 ºC. All samples featured a
decreasing yield point
compares well with measurements
shape of the curves at room temperature compare well with the ones in the 
literature [74]. The measurements in the literature lack, however, 
information about what fatiguing does to the high strain rate behavior of 
wood. 
 
In addition, when fatigued, the plateau region (
point) featured a distinctive upward slope
previous experiments done with functionally graded materials featuring a 
soft layer on top of a hard one
stress between the native and fatigued samples disappeared at temp
exceeding 100 ºC, see 
lignin and subsequent disappearance of the weakening induced by the 
microcracking as suggested 
Figure 26 Compression s
fatigued
the curves.
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 as a function of increasing temperature
 by Uhmeier et al. [73]. In addition, the 
strains beyond the yield 
, Figure 26. This is consistent with 
 [75]. In addition, the differences in 
Figure 27. This is likely caused by the softening of 
by the hypothesis presented in Chapter 2.4.
tress as a function of strain for native (left) and 
 (right) samples. The dark lines represent the approximate form of 
 
 
, which 
the yield 
eratures 
 
 
20000 cycles 
 Figure 27 Yield stresses as a f
samples. This graph provides an 
cellulose and lignin/hemicellulose matrix as the hypothesis
Chapter 2.4
4.2.2 HIGH-SPEED PHOTOGRAPHY
 
A high-speed camera was incorporated with the ESHD setup to capture the 
dynamic strain distributi
was analyzed by applying cross
determining the strain from t
obtained in Paper II indicate that the strain is localized to t
parts of the sample. In addition, qualitative evidence of the localized layer 
was obtained: In fatigued samples, the strain progressed as a wave through 
the sample, the fatigued 
samples, the strain appeared at the same time in the entire sample.
 
In addition, localized stress
determined from the high
maps by first selecting a single x
across all its y-coordinates (vertical) and 
strain vs. time as a function of measured stress vs. time, 
was assumed to be constant through the sample 
made in split-Hopkinson measurements. This assumption is valid after 3 
transits of the elastic wave through the sample, i.e. after 12 µs
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unction of temperature for reference
indication that microcracks exist between 
 states. 
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fatigue
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certain column of pixels. The stress dist
the sample, and thus the measured sample stress as a function of time is 
used to generate a localized stress
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-strain curves obtained from the H
 localization in earlywood for spruce. (B) Principle
-strain curves. The average strain is calculated from a 
ribution is assumed constant across 
-strain curve.  
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5 EXPERIMENTAL PART III – FATIGUE IN 
AN INDUSTRIAL PILOT PROCESS 
Since the fundamental theories of grinding were laid down in the end of 
the 1960’s and the beginning of the 1970’s by Atack and May [77, 78], it has 
been hypothesized that mechanical pulping generates fatigue during the 
grinding process. Indirect evidence, such as measurements of temperature as 
a function of depth in the grinding zone [4, 78, 79] and quantification of the 
amount of nano-size pores (thermoporosimetry) in the fibers released from 
the wood matrix after mechanical pulping [80, 81], have been presented. 
However, no direct proof of the fatigued layer existed prior to the work done 
in this thesis.  
 
It has been hypothesized that the pre-generation of fatigue is the feature 
resulting in reduced energy consumption when wood is ground with the EES 
surface. There is, however, no proof in the literature that pre-fatiguing would 
reduce the energy consumption during the grinding process. Thus, I aim to 
demonstrate that pre-fatiguing is beneficial for reducing the energy 
consumption of grinding. 
5.1 DOES THE LOCALIZED FATIGUED LAYER APPEAR 
DURING PILOT PROCESSING? 
The existence of fatigue in the grinding process was determined by 
combining ultrasonic depth profiling measurements and thermoporosimetry 
as a function of depth in Paper III. Logs were ground into pulp applying two 
different grindstone types (conventional and wave stone), and the grinding 
process was abruptly interrupted to generate an in situ snapshot of the 
ground wood surface. Samples were then taken from this surface, and the 
ultrasonic through transmission setup was used to quantify the ultrasonic 
stiffness as a function of depth.  
 
Thin (200 µm) wood sections were cut from different depths with a 
Reichert microtome. These samples were characterized with 
thermoporosimetry: the samples were frozen to -50 °C, after which their 
temperature was increased by 1 °C/min, and the amount of molten water was 
measured. From the amount of water and the dry weight of the samples, the 
pore volume distribution was calculated.  
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Figure 29 Thermoporosimetric data as a function of depth from the surface of the 
ground samples for Norton and Wave –type stones. 
The thermoporosimetric data revealed a layer featuring an increased 
amount of pores reaching 300 µm into the sample for the normal stone 
(Figure 29) and 1000 µm with the wave stone. Similar layers were detected 
with the ultrasonic depth profiling; layers 300 µm deep for the normal stone 
(Figure 30) and 0.5-1.5 mm deep for the Wave stone (energy efficient 
grindstone surface, EES) were observed (Figure 31). The measured layer 
depths compared well with values of temperature rise present in the 
literature; May [78] reported a 200 µm hot zone in grinding with a normal 
stone whereas Björkqvist [5] simulated an elastic compression zone reaching 
0.5-1.2 mm deep for the wave stone. 
 
 
 
Figure 30 Data showing the fatigued layer generated by the Norton stone in spruce 
for various wood feed rates. (inset) A schematic of the operating principle 
of the Norton stone. (right) A schematic model of the distribution of fatigue 
in the sample showing a thin fatigued layer (red) on top of an intact sample 
(green).  
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Figure 31 Data showing the fatigued layer generated by the Wave stone in spruce for 
various wood feed rates. (inset) A schematic of the operating principle of 
the Wave stone. (right) A schematic model of the distribution of fatigue in 
the sample showing a fatigued layer in which the amount of fatigue 
gradually increases (from intact (green) to fatigued (red)).  
It is likely that these two surfaces generate the fatigued layers in a different 
way: the pre-fatiguing generated by cyclic compression performed by the 
sinusoidal surface of the Wave stone is mainly responsible for its energy 
efficiency reported earlier. The generated zone of fatigue for the normal stone 
likely arises from the shear action done in the fiber removal. 
 
As a conclusion, in Paper III, we confirmed the hypothesis by Atack and 
May [77, 78]: layer-like fatigue is generated in grinding. In addition, the 
results indicated that the Wave-stone generates a fatigued layer which 
reaches deeper into the sample. This likely arises from the stone design: The 
Wave-stone administers cyclic compressional pulses during grinding, and 
thus, a deeper layer of fatigue is expected when compared to the results 
obtained in Chapter 4. 
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5.2 FATIGUE PROMOTES ENERGY EFFICIENCY 
In Paper IV, we aimed to show that pre-fatiguing should reduce the 
energy consumption of grinding.  The amount of energy used for pre-
fatiguing was not included in the energy balance since we aimed to show 
whether pre-fatiguing wood reduces the energy consumption rather than to 
develop an industrial process. An exaggerated estimate of the energy used for 
the fatiguing process is 12 MWh/t (Paper I). The calculation of this figure is 
shown in Appendix B. This number is large for three reasons: First, the 
material already fatigued (the topmost layer of the sample) is not removed 
during the cyclic compression process (such as is done in the actual 
mechanical pulping). Second, the heat energy generated during the pre-
fatiguing process is lost. Third, this gross energy estimate includes energy 
losses in the fatiguing apparatus. 
  
The experiments were done on fatigued (40000 total cycles, 20000 per side) 
and reference veneer sheets: stacks of sheets (80 – 140 g of dry weight) were 
fed to a custom-built laboratory scale grinder and ground to pulp (feed 
velocity 0.6 – 1.2 mm/s, cooling water temperature 66 – 74 °C). The 
resulting paper properties and CSF were measured and compared against the 
SEC. A significant difference (~30%) was detected between the reference and 
fatigued sheets in the SEC vs CSF/fiber length, i.e. fatigued sheets produced 
pulp with longer fibers or better CSF for the same amount of consumed 
energy, Figure 32. 
 
Figure 32 Specific energy consumption for grinding as a function of CSF divided by 
fiber length (to promote longer fibers which are beneficial for papermaking). 
Each point comprises 100 wood sheets ground to pulp. Logarithmic fits to 
the data. 
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This energy saving is also visible in Figure 33: a stack of alternating 
samples (4 reference sheets followed by 4 fatigued sheets followed by 4 
reference sheets and so on, 80 g dry weight total) was ground to pulp whilst 
the energy consumption was measured in situ. A difference in energy 
consumed is seen between the reference and fatigued samples: the reference 
samples required significantly more energy to be ground. Even though there 
is a difference in the raw material moisture content, it is too small to make 
the finding of Figure 33 a moisture artifact: the maximum decrease of energy 
consumption due to moisture differences is less than 10% [82]. This 
measurement does not, however, measure the resulting pulp properties as a 
function of time, and thus it gives only information on the energy 
consumption per mass. Nevertheless, the results agree with the energy 
consumption reduction detected in Figure 32.  
 
These results show that generating fatigue into wood is beneficial for the 
energy efficiency of the grinding process.  
 
Figure 33 In situ measurement of energy consumption in an experiment where 
fatigued and reference sheets were stacked in 4-layer piles. The piles were 
ground in one push. The energy consumption per mass is 30% lower in the 
fatigued sheets than in the reference sheets. Sheet thickness 2 mm, feed 
rate 1.0 mm/s. 
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6 LOCALIZED FATIGUE 
In the experiments performed in Papers II and V we discovered that the 
generated fatigue is localized near the impacting surface. The formation of 
such a layer is not easily explained; in general, material collapse begins at its 
weakest point, however, in this research, the layer was found to localize near 
the impacted surface of the sample. In this section, I first present a theory 
based on the storage of elastic energy resulting in increased recoil velocity 
and dynamic localization (Paper II). Then, I use the obtained results to form 
a hypothesis on the changes induced in the cell wall by this localization of 
fatigue. 
6.1 FATIGUED LAYER FORMATION 
The formation of a fatigued layer is not trivially explained by classical 
mechanics. During quasi-static loading, material collapse begins at their 
weakest point, for softwoods, this is typically an earlywood ring such as in 
Reiterer et al. [83]. However, during experiments, Papers I, II and V, all 
layers formed near the sample surface. In Paper II, a theory predicting such 
layer formation is proposed: We propose an explanation for the strain 
concentration based on dynamic strain localization due to the recoil velocity 
of the compressed sample in unipolar compression. As the impact velocity of 
the cog-tooth parts is increased, the amount of localization of strain near the 
impacting surface increases. This increase in impact velocity is due to the 
following: During the relaxation phase of a unipolar, constant frequency 
cyclic compression the elastic energy stored in the material is transformed 
into kinetic energy. If the initial displacement is only partly recovered by the 
time the next compression phase begins (due to inertia caused by viscosity 
and the mass of the absorbing material), the amount of elastic energy stored 
increases with each cycle. As the number of compression cycles increases, the 
stored elastic energy and thus also the relaxation velocity increases until one 
of two criteria is met: (a) The recoil velocity is sufficiently large that no 
further residual strain is accumulated: the recoil velocity approaches 
asymptotically a value determined by the material properties (viscosity, 
elasticity) and the amplitude and frequency of the cyclic pulses (the 
frequency, i.e., the time the sample has to recoil has the largest effect); or (b) 
the recoil velocity superposed with the compression piston velocity (1 m/s) is 
sufficient to cause dynamic localization of strain. Figure 15 demonstrates this 
process.  
 
Results indicating this layer formation are seen in Figures 21-25. The shape 
of the layer (as seen in e.g. Figures 21 and 22) resembles that of a dynamic 
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localization: a layer with a saturated amount of damage, followed by a layer 
of diminishing damage and then intact material. This resembles the 
simulation results by Zou et al. in dynamic compression of honeycombs [84].  
 
During further experimentation (Paper V) it was noticed that in thin 
samples (13 mm thick), a fatigued layer was also visible on the distal end of 
the sample. One plausible explanation for the appearance of the distal layer 
arises from the sample thickness: According to the dynamic crushing theory 
by Zou et al. [84], the distal stress concentration is caused by interference 
between propagating and reflecting elastic waves. However, in a thick layered 
sample this doesn’t happen because it makes the propagating stress wave 
decoherent. The decoherence takes place since there are many early-
/latewood non-parallel boundaries that reflect part of the propagating wave. 
 
Alternative explanations for the layer generation include attenuation of the 
stress waves originating from the top surface of the sample, which however is 
improbable since the required attenuation is too high to be realistic. The 
annual ring structure (sandwich structure with several boundaries) could 
cause a reflection of the incoming wave at the first early/latewood boundary, 
and this reflection could concentrate the energy near the surface. However, 
this is not plausible, since the reflection coefficient is only 0.17 (calculated 
from values provided by Bucur [85] for tangential wood direction, which is 
likely to be close to the value in radial direction), and thus the reflected 
energy will be insufficient to cause the observed localization. 
6.2 CHANGES INDUCED IN THE WOOD MATRIX 
 
An important aspect of the analysis of the effects of pre-fatiguing on the fiber 
development and removal is to determine what changes such fatiguing can 
cause. The results shown in previous parts of the thesis point towards 
changes made to the cell wall. In paper II, (Figure 28), there was a change in 
the yield stress vs. temperature at temperatures exceeding 60-100 °C for 
fatigued samples. The yield stress for the native samples matched the values 
measured by Uhmeier et al. [73]. This comparison was done by multiplying 
the values obtained by Uhmeier et al. with a correction factor of 1.6 (defined 
as the ratio between the 20 °C values from Uhmeier et al. and our reference 
samples at 20 °C). This correction factor likely arises from both the natural 
intra-sample variation of mechanical properties of wood and the difference 
in the techniques used: Uhmeier et al. compressed the samples 25 mm / min, 
whereas in our study, the compression velocity was significantly higher. 
However, lower yield stress values compared to those measured for the 
reference at 20 °C were detected in all fatigued samples. The difference 
diminished at 60 °C and disappeared at 100 °C. This could indicate that 
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crosslinks between the "glue", i.e. the ligning/hemicellulose matrix and the 
cellulose fibrils have been damaged, since the softening of lignin takes place 
at 50-90 °C [27].  
 
This explanation is furthermore backed up by the detected increase in the 
moisture absorption by the fatigued samples immersed in water – even 
though the lignin matrix is not hydrophobic according to the traditional 
definition [86], it has features resembling hydrophobicity. In contrast to 
lignin, cellulose chains are hydrophilic [87], and thus the loosened structure 
(increased water-to-cellulose accessibility) might allow increased water 
absorption. The explanation is furthermore backed up by the finding that the 
nano-sized pore volume increases in wood that has been cyclically fatigued 
[47]. Concentrating fatigue into the “glue”-reinforcement interface allows 
energy-efficient segregation of long fibers with open surface (for increased 
bonding capability) fibrils [88], a feature that is usually desirable in 
mechanical pulping of wood [89]. 
 
In addition, paper IV shows that as the cellular material began to yield 
and subsequently to geometrically condensate (cracks close up) most 
differences in the mechanical behavior between the two sample kinds (intact 
and internally cracked) disappeared (> 0.05 strain), Figure 2 in Paper IV. 
The middle lamella is also probably affected, resulting in a reduced tensile 
strength along the tangential wood direction due to inter-fiber failure. The 
induced cracks make it easier to separate the fibers from the wood matrix 
unbroken, since these induced changes in the ‘glue’ only affect the radial and 
tangential properties of the fiber while leaving the longitudinal properties 
unchanged. Furthermore, the resulting fibers should be suitable for low 
energy mechanical defibration since they probably feature a revealed S2-
layer.   
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7 CONCLUSIONS – THE GRINDING 
SURFACE OF THE FUTURE 
 
 
Figure 34 An image of the proposed grindstone surface. The surface features a zone 
with sinusoidal wave pattern with no grits. This zone generates the pre-
fatigue required for energy efficient fiber liberation in the shearing zone, 
which features sharp grits to efficiently remove the fibers. CAD picture 
illustrating the hypothesis proposed in this thesis courtesy of Mr. Taro 
Nieminen. 
Based on the previously mentioned research a hypothesis on what the future 
grinding surface should look like can be made. We showed in Paper II, that 
the generated fatigue from the cyclic loading process is localized near the 
surface of the sample. Paper IV demonstrated that the fatiguing process can 
reduce the energy consumption of the comminution process. Paper V 
indicated that the layer is formed also in the tangential wood geometry. 
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As seen in the experiments in Paper V and Paper II, the layer gradually 
progresses deeper into the material, and according to the theory presented in 
Paper I, as excessive cycles are given, more energy is wasted into heat. When 
looking at the results of Papers II and V, the onset of fatigue is likely to 
happen before the first 5000 cycles, likely due to dynamic localization caused 
by residual strain generated by the cyclic loading. 
 
In Paper III we showed that such a fatigued layer is also formed during 
lab-scale grinding. The depth of the layer for both stone types compared well 
with temperature measurements and simulation predictions presented in the 
literature [5],[78].  Comparing the EES and the traditional grinding surface, I 
noticed that the EES generated a deeper layer of fatigue – this layer was too 
wide (energy was wasted in cyclically loading already fatigued material) for 
certain log feed rates. The EES was found to be more energy efficient than 
the traditional surface, consistent with previously published data. This is 
most likely due to the reduced energy consumption (Paper IV) enabled by the 
deep pre-fatigued layer. The results show that even the normal grinding 
stone generates fatigue during grinding. There is, however, a significant 
difference: The EES stone partially pre-fatigues the structure, whereas the 
modulus reduction generated by the normal stone is likely to be caused by 
direct mechanical damage from shearing (fiber removal). 
 
Combining these results, the grindstone of the future should have two 
separate zones: a zone which induces unipolar cyclic loading, to generate 
localized pre-fatigue, and a peeling zone to detach fibers from the wood 
matrix. Thus, the results support the proposition set forth in two patents, 
first by Björkqvist in a Finnish patent [7] and later by Tuovinen in a US 
patent [6], in which he suggested a two-zone grinding surface with a 
‘kneading’ part and a ‘loosening’ part alternating in quick succession.  
 
The current (normal and Wave) surfaces shear and induce small amounts 
of fatigue simultaneously. This is not optimal, since some of the shearing 
work is lost trying to peel off fibers which are not fatigued (traditional 
surfaces), whereas some of the fatiguing work is lost due to inducing too deep 
a fatigued layer (EES surface). The surface should be designed such, that the 
top fiber layers are exposed to a number of cycles (an estimate would be 500-
3000) of 1 mm amplitude, resulting in a narrow fatigued layer. This layer 
should then be peeled off in the shearing zone, Figure 34.  
 
Results from Paper V can then be used to design the surface parameters: 
number of pulses required and desired frequency of cyclic impacting, i.e. the 
wavelength of the sinusoidal pattern on the grinding surface. The feed rate 
should be controlled depending on whether radial or tangential wood is 
being ground; in theory, slower wood feed rates (more impulses) should be 
applied during tangential wood grinding. 
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The state-of-the-art, when it comes to energy efficient grindstone surfaces 
is represented by the proposition made by Tuovinen in his patent [6]. My 
thesis provides new scientific knowledge by explaining why such a surface 
should be energy efficient from a physics perspective. My work advances the 
state-of-the-art of energy efficient grinding by detailing the mechanisms 
behind energy efficient fiber liberation.  
 
As a conclusion, in this thesis, I showed the following: 
Localized fatigue was generated by unipolar, cyclic compression 
loading along both tangential and radial wood geometries. 
Dynamic localization caused by elastic energy storage into 
residual strain was hypothesized to cause the localization. Similar 
fatigue was shown to exist in lab-scale grinding (small scale 
grinder corresponding to the ones used in the industry). Pre-
fatiguing was found to reduce the energy required to grind wood. 
The results indicated that a two-zoned grinding surface should 
yield high energy efficiency. 
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8 OUTLOOK 
The logical next step is to produce the suggested grindstone surface, and 
to determine whether it increases the energy efficiency of the process. 
However, prior to doing this, one should perform a larger set of experiments 
on various kinds of samples (varying elasticity, annual ring width etc.) to 
generate a set of surface parameters. This can be done by determining the 
layer depth as a function of impacting cycles for a larger sample set.  In 
addition, more measurements should be made to quantify the changes in the 
shear properties as a function of depth, especially in the RT polarization. In 
addition, one should determine the most energy efficient way of generating 
fatigue. In this thesis, I showed that pre-fatiguing is beneficial for reducing 
the required energy in grinding. However, I did not look into the net energy 
balance due to the inherent inefficiency of the method we used to generate 
fatigue. 
 
The depth profiling should be made non-destructive: whereas the current 
technique allows determining elasticity profiles after experiments (or in some 
cases, it allows taking a snapshot of an in situ process), a non-destructive 
technique could furthermore allow real-time determination of the layer 
depth and the amount of modulus drop. Such a capacity would allow 
feedback-based control of the wood feed rate (which controls the number of 
pulses delivered) and peripheral speed of the grindstone (which controls the 
rate of impacting). 
 
Experimental determination of the changes in the cell wall, either by 
nanoindentation or ultrasonic through transmission of ultrathin sections of 
the cell wall would quantitatively reveal the nature of the damage generated. 
This would confirm the hypothesis on the damage generation inside the cell 
wall. In addition, an experiment to determine the effects of fatiguing on the 
microfibril angle of the cell walls should be made. Such a change could in 
part explain the reduction of the radial stiffness (if a decrease in the 
microfibril angle would be detected). Finally, one could determine the real 
(storage modulus) and imaginary (loss modulus) parts of the complex elastic 
modulus separately. 
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APPENDIX A 
A list of the sources from which the pictures used in Figure 3 are adopted: 
 
http://chestofbooks.com/gardening-horticulture/Journal-10/images/Pig-63-The-Norway-
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Top row, 2nd picture from right is courtesy of Dr. Saranpää. 
 
http://farm4.static.flickr.com/3173/2784709470_b569e40265_o.jpg, reproduced with the 
kind permission of Dr. Ridley-Ellis. Image copyrights belong to Tomas Reichert and Neil 
Shearer of Edinburg Napier University, 2007. 
 
http://upload.wikimedia.org/wikipedia/en/a/a3/Cellulose_spacefilling_model.jpg 
 
http://www.rgbstock.com/cache1nwUoR/users/z/ze/zela/300/mfwNGHo.jpg 
 
http://upload.wikimedia.org/wikipedia/commons/8/86/Storm_Damage,_Boltby_Forest_-
_geograph.org.uk_-_75420.jpg 
 
Reprinted from Engineering Fracture Mechanics, 75 (14), Correa, E., V. Mantic, and F. Paris, 
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from Springer Science and Business Media. 
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Wood-Based Composites: 51-100, with kind permission from Springer Science and Business 
Media. 
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middle layer of secondary wall of ginkgo tracheid. Journal of Wood Science, 2009. 55(6): 
p. 409-416, with kind permission from Springer Science and Business Media. 
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APPENDIX B 
In Paper I, we showed that approximately 8.9 J of energy is consumed per 
pulse in the MLD. This equals  
 
8.9  ∙ 40000
3600000

ℎ
≈ 0.0989 ℎ 
of energy consumed in the 40000 cycles applied. 
 
One veneer sheet (dimensions 100 mm x 100 mm x 2 mm) weighs 
approximately (if we assume the basic density to be 410 kg/m3)  
 
0.002  ∙ 0.1  ∙ 0.1  ∙ 410


≈ 8.2  
  
Thus, we can calculate the specific energy consumption by determining how 
many veneer sheets are required for a ton of dry material and by calculating 
the total energy consumption 
 
1000 
8.2 
∙ 0.0989 ℎ ≈ 12 ℎ 
 
I.e. the specific energy consumption is approximately 12 MWh/t. 
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APPENDIX C 
First, one has to estimate the surface area generated when a single fiber is 
detached from the fiber matrix. A low estimate can be obtained with the fiber 
model presented in Figure C1. 
 
 
 
 
 
 
 
 
 
 
 
Figure C1.    A simplified model for a spruce fiber. The average diameter and cell wall diameter 
are obtained from[90], and the average fiber length from [91]. 
The weight of one fiber can then be estimated to be 
 
 =  ∙  = ((28.92 μ)
 − (28.92 μ − 2 ∙ 2.99 μ)) ∙ 3  ∙ 1500
"#
$%
≈
1.40 μ  
 
When releasing one fiber, one can estimate that the minimal created surface 
area is the circumference times the length, i.e. the required energy per fiber 
would be 
 
& = 31


∙ 4 ∙ 28.92 μ ∙ 3  ≈ 10.76 μ 
 
Thus, the corresponding energy consumption would be 
 
10.76 μ ∙
1000 
1.4 μ
≈ 7.7  ≈ 2.13 ℎ 
 
per a ton of pulp. 
  
28.92 µm 2.99 µm 
3 mm 
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APPENDIX D 
In the course of the studies, time-of-flight detection by first zero crossing of 
the received signal was considered (time-of-flight determined as the point of 
time in which the signal reaches zero after the first swing). However, we 
discovered that a) it was more sensitive to the changes in the signal shape 
and b) there was no significant difference wrt. determining the time-of-flight 
between the thresholding and the first zero crossing techniques. Thus, the 
thresholding technique was selected for the data analysis of this thesis. 
 
Figures D1 and D2 show signals from the 20000 cycles fatigued sample from 
Paper V analyzed with both thresholding and first zero crossing methods.  
 
 
Figure D1.   Signals from a 20000 cycles fatigued sample analyzed with both the thresholding 
method used in this thesis and the first zero crossing method.  
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Figure D2.    Data from a 20000 cycles fatigued radial sample analyzed with both the 
thresholding and the first zero crossing method smoothing spline fits (Matlab® 
Curve Fitting Toolbox, smoothing spline, smoothing parameter 0.6). No significant 
difference in the profile shape or the measurement uncertainty of the methods is 
seen. 
 
